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St««i oxidation »• ft curfftc* finithlng t«ch!iiqu« has 
bffffn in uft* for aasj jtftrt to litproTo tho sppoftranot of 
•iiftll atohftiileftl ooBpontntt producti froa fttttl or oftftt iron 
mt& to iaproYo th«ir r«ftifttane« to vtar and corroaion. 
Ixaaplaa of oomponanta vhicb ara ataaa traataA ara gaara, 
caaa, chain piniona, coMpreaaor parta, baaringa, pullajat 
aprockata ato. 7ypioally a l l axtarior aurfaaaa raaet to 
font a rary thin akin (2.5 ;») of oxida. 
Thaaa daya, thara ia conaidarabla intaraat in Povdar 
Matallurgy (P/Il) aa a aanufaeturing taohniqua for fabrica-
tion of aaaXl atructural oonponanta. Tha ta^unolofy haa 
ahovn tha highaat rata of growth during tha Xaat two 
daoadaa, ! • • , 6-75( on an avaraga in tha vorld, Thia ia 
nainly dua to ( l ) aaTing in matarial and saohining ooat, 
( i i ) high produetiTity aathod yialding produeta axactly or 
rary cloaa to final dimanaiena raquiring Tary l i t t l a or no 
Bttohining aftanrarda, and ( i i i ) aiapla and autosatad aathod 
of aanufaottira. 
HovaTar, conTantional P/K produeta ara laaa hard and 
atrong aa ooiiparad to thair wrought or caat oountarparta 
haying idantioal chaviatry. Thia ia dua to inharant poro-
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•Ity (10->25?() pr«a»nt In t)i«» which «ay b« i»ol*t«4 or 
lnt«reoBntet«d. fht int«r6onn«et«d porositj in f/H pmrtu 
Mfty ooattitut* upto 91% of tho poroo or TOIAI in tho part. 
Thtto, f/K parts r«quir« aoao typo of troataont to ooal, at 
loaat tho turfaco poroa. Tarioua Mathoda of oloalng tha 
poraa ara aa folXovat 
1.1.1 AUoy Inflltratloa 
In thia aathod, a low aaltlng allay alug la placad 
on tha part vhicb la than put through tha alntarlng fomaoa 
at a taaparatara vhlch la ahoTa tha aaltiag point of tha 
alloy. The aoltan alloy than vicka through tha part, 
affactlTaly aaaling off tha poroalty. Thia proeasa groatly 
Inoraaaaa tha atrangth of the part and Improraa aaehlnabl-
lity. 
1.1.2 Vait i»pragnatioB 
This la a laaa coaoon aathod of aaaling, primarily 
bacauee it la difficult to gat rid of aurplua vaz on tha 
aurfaea and haoauea xi99 of tha part at alaratad t«nparaturaa 
can cauaa tha vax to aalt, 
1.1.3 Plaatio iapragnation 
Thia ia praaantly the aoet pra-ralaat aathod uaad for 
sealing P/H parte. It ia uaually applied uader Taeuua and 
uaea reletiToly faat curing reaine. Unlaea there are un-
usual eraoka or very large Toida in the part, reain iapreg-
nation vill aeal againat high preaaure of hydrogen aa veil 
n 
at hydrAulio prt«tur«t. 
This It pottibly tht Itatt txptiitiTt atthtA of tttl-
IBC portt. VhtB tlnttrtd ftrroat oospOBtatt trt tzpottd to 
tttta at tltTattd ttaptratttrtt a la|tr of oxidt upto 5 pm 
thick font on all tztorior turfaott and alto vithln tho 
IntoreoBBoetod port nttwork to an txttnt vliieli It dtptadtnt 
OB tht tttta trtatatnt eoBdltiont (1)« 7olloviBg advaatacet 
hart 1»«tn elaiatd for tttaa trtatatnt of tlnttrtd ftrrout 
partti 
(1) Xagnttio iron oxidt foratd laproTtt vtar rttlttanet 
of tht turf act to ahratirt vear durlnc ttnrlet. Tht 
oxldt fomed vithlB tht port nttvork proTidtt vtar 
rttlttanet (2,5), afttr turfact laytr it worn out. 
(11) Tht oxidt lajrtr fomtd It txtrtatly adhtrtst (4,5) 
and it Ittt pront to dtftett tuch at oraokt and hllt-
ttrt than oxldt eoating foratd in air, 
(ill) CoaprtttiTt ttrength of part incrtattt (3)* 
(IT) Tht oxldt Itjtr htooatt iaptxvtahlt at thlekattt of 
about 3 ;i> (6) and rttlttanet to ruatinf of trtattd 
eoapoBtnt it iaprortd* Tht dangtr of looal eorrotloB 
cellt hting ertattd vlthia portt It rtduetd. 
(T) In eatt of high dtntltj tinttrtd partt turfaet portt 
can bt eoapltttly elottd. laprtgnatioa and eontt-
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qiiMit •atrftp»*st of «l«ctrolft« imrinc •ato««4it«fit 
•l«otroplaiting ep«r»tlons i t pr«T«Bt«d kut oonduotl-
Tlty r««iilii« tuffieiMitljr hij^ for 4ir«et plAtlnc to 
bo eorrlod out. Whoa ourfaco poroo aro ooapXotolj 
elOMd the part* con vltliotOfiA htgb. goo prooouroo (7). 
(Ti) Tho OMoll diaonolonol Incroooo (about 10 ;»)* aftor 
troatKont dooo not eroato probloao (4) . 
(•11) Tho troataont la oeonoalo (8) ood It hao boon olalaod 
that tho eoot of poro ooaXlag by otoaa troataont io 
about ^^ of that arlolng during Infiltration vlth 
ooppor and about 30^ of that Inourrod during plaotle 
iBprognatlon (5)* 
(v l l i ) Tho bluoAl^ok colour dOTolopod during troatnont lo 
ploaoant In appoaraneo oopoolallj aftor oubaoquont 
o i l dipping. 
Additional roportod vorko (9-20) on tho offoota of 
otoan oxidation on porooltj and proportloo of alntorod Iron 
alao olalB ono or >oro of tho aboro bonoflta. 
Iffoot of ooppor on otoaa troataont of olntorod Iron 
has alao boon otudlod qulto oxtonalvoly (17, 21-31}. 
Suntor and Cooh (17) aftor otudylng otoaa troataont 
of olntorod Iron and Iron 1.1 wt^. Gu allojr found that oorro-
olOB r«t«« v«r« eoBtlA^rably r«Aue«d* Th«j hftT« el«|ji«d 
that tvptrlor surfftc* finish and eorrotiOK rt0i»tane« to 
that of a •iailarXj ahapad wrought and Maehlnad part eould 
\f ohtainad hj aurfaoa traataaat of a povdar BatalXttrgy 
part. 
Hamar and Tannarberg (21) found that aaall additions 
of eoppar had littla tffaot on tha oxidation of solid iron 
at 500*^ 0 in oxygon or oxygan-argon atmosphara. 
?hadka and Pavias (23) carriad out agsing traataant 
at 500^0 in nitrogan or raeuum of 1»^2 to 6 iit,% Cu powdar 
ooapacta sintarad at 1150^0 for 1 hr and found significant 
ineraasa in hardnaas of quanehad as vail as fumaca coolad 
(23^C/ain.) spaciaans aftar pracipitatioa hardaning traat-
•«nt. MaaaiTsmartenaita was found in soma ragions of 4 and 
6 wt,^ Ou alloy aftar watar quanehing but it waa abatnt from 
tha 2 wt.9( Ou alloy. Solution treat ad ptak hardnass Taluaa 
Inoraasad with eoppar parcantagas. Howarar, tha 2 wt.fC Cu 
alloy showad aaxiaoa pareantaga Inoraaaa in hardnass although 
tha aagaitudo of hardnass inaraasa OTar tha aolution traatad 
vuluas waa ntarly tha saaa in tha thraa alloys. 
fha abowa obsarration lad to tho authors (26) to 
prapara ?a-2^ Cu coapact froa alaaantal powdars and aintar 
for 1 hr at 1150^0 and cool at an araraga rata of 75^C/ain 
in an industrial sintaring fumaoa. ?ha rasulting alloy 
0 
was ftf«d m% 500^0 In ma. iiitrt «tao»pli«r« and also la ataaa. 
Tha hardnasa Inercaaa durlot^ acting In an iaart ataoaphara 
vaa about 229(. HovaTart againg in ataaa raaultaA In an 
aaditlonal gain in hardnaaa dua to aiaoltanaoua praeipita* 
tiOB of ooppar and alao formation of and TOid filling Iff 
?a«Oj. fha hardnaaa -raluaa obtainad during againg in ataaa 
vara eoaparad with tha valuaa oaleulatad froa data obtainad 
on ataaai oxidixad pura iron ooapaota and raaulta of againg 
in inart ataoaphara. Tha raault ahovad that ^•gr— of hard-
naaa inoraaaa dua to atoaa oxidation vaa found to ba naarly 
tha aaaa in pura iron and in tha Fa-Cu alloy atudiad. Thia 
praliainary atudy appaarad attraetiTa fron tha point of 
aliaiaating aaparata aolution and againg traatmanta in Pa-Cu 
aintarad allojra. Latar on Phadka (2T) oarriad out againg 
of iroB-coppar coapaeta eontaining 2, 4» 6 and 8 vt.lt Ou at 
3<!}0^ C and obaarvad that hardnaaa iaeraaaad aftar fumaca 
oooling but tha raaponaa to aubaaquant imaing daoraaaad aa 
tha ooppar coatant inoraaaad. fha aagnituda of inoraaaa in 
p«ak hardnaaa vaa 27» 19 and 99( in 2, 4 and 6 vt.)( Cu alloya. 
ITo hardaning vaa datactad in Pa-8Cu alloy. Tha aiaa of tha 
praeipitataa vhich vould ba raaolvad at a nagnlfieation of 
20000X vaa abora about 2$ na in all tha alloya. Similar 
raaulta vara found in a furthar atudy (28) by aiamltanaoua 
againg and ataaa oxidation. 
Raaanaadah and Dariaa (29) aalaotad apenga aad ato-
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•is«dt'tvo %3rp«t of iron povditr* rnnH mftmr eoMpsetloa to 
d<ia«iti*8 of 6*0f 6.4 and 6.8 HS/M aaA •iRtoring under 
stftadard eonditiont imbjoot^d •Intsrdd eompaets to atoaa 
o:cidatloii at 450, 525 and 600^0. Xlnatlea of oxidation 
v«r* always fastar for aponga iron than for atomisad iron 
and there was a corraaponding inoraaaa in tha rata of pora 
eiloaura and i s surfaoa hardnasa. It vaa eonolisdad that 
for affaotiTa aaaling of aurfaoa poraa eosponanta ahould 
ha of high danaity and ba ataaa trtatad at 600^0 hut for 
attainmant of aaziBttB hardnaaa ooaponanta ahould ba of lov 
danaity and ba ataas traatad at 525^0. Aftar eartain tiaa, 
dependent on init ial danaity and ataaa traatvant taMpara«> 
tiiira* aurfaoa poros baeana aaalad en& ataaa could no longar 
paraaftta through tha intamal pora natvork. Opaa poroaity 
daeraaaad to an apparently low laTal. In a furthar atudy 
(30) of 7a-2 to 8 wt*9( Cu alloy ooapaetad to a danaity of 
6-8 Kg/wr and aintarad for 1 hr at 1120^6 and ataaa traatad 
at 525^ 0» i t vaa obaarvad that waar raaiataaea af aintarad 
iron wara iaprovad by ataaa traataant «id by addition of 
eoppar in aaounta upto 8 wt.iC. Rowarar, ataaa traataant of 
aintarad ?a-<;u aUoya had adTaraa affaeta on vaar raaiatanca. 
AB inoraaaa in hardnaaa vaa aaaoeiatad with an inaraaaa in 
waar raaiatanca. By I-ray axaaination of fa-2 to 8 vt.9( Cu 
powdar coapaota aintarad at 1120^0 for 1 hr at 6.4 to 6.8 
Mg/a' and ataaa traatad at 525**C, i t waa eoafiraad (31) that 
tha principal product fomad during ataaa traataant vaa 
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f«,^ 0^ ml that o»pp«r was a«t oxlAls^A \f •%•••• 
1.3 ?g!?pi 9? THi ?wyi»y ^9*1 
flM •xlitlBf Iit«rmtmrt eostaiAi I l ttI* r«f«r«ii»« %• 
th* iikfltt»at« of ftlloylaf •ddltloas (•z««p% «opp«r) om tli« 
rttpomM of sliittrtA f«rr«mt slloyt %• sttaa oxi«a%ioB uia 
this ir»a th* prlneipal milijaet 9f %h9 pr«Ms| iBVtaticstiea. 
furtkar, ao«t of tli« «lloylif •laaants, t.g* pliaapluii'iui saA 
ttolyMtiHUi «r« oapabl* af Mmtliif apprteia^X* aca-ttaHtniac 
in farrlta (52). Hdmik>gaB (53) ahowat that phatplMma eaaU 
prodaea appraoiakla aca^harAaalng la fa-t alloya aaatalaiag 
0*^5% 0 aaA U59t lla« ifa-haxdanlng aoaasrai la taaiparatura 
rtiBga 400-550^0» kut tha •axlmoi affaet waa e^aarrai at 
4;i0^e. Tha latanalty af aga-hariaaiaf laefvaaad vltli 
literaaalBf plkoaphorua ooataat. At plioapluiiva ooataat abora 
0*3 wt.jl, laeraaalag aaoaat of ^ farrlta wara abaarvad at 
tha aolatloa traataaat taaparatura Ylth laeraaalBg phoapho* 
r%i9 aeataata and at ^ f, %h» ataal waa Tlrtaalljr faxrltlo 
at roaa t«^paratara. flia praalpitatlag pliaaa vaa fa«f %«t 
tha datalla of aga-hardaalaf praeaaa hara aat haaa laraatl-
gat ad. Alao, phoaphorua, haoauaa ot ll«ald phaaa aiatarlag 
and f a m t a atahlUaatloa, apharoldlaaa tha poraa aad 
radaoaa tha aaoaat of latarooaaaatad poroalty (34) flaldlag 
Fa-P alatarad aoapaata at a daaalty of m»r9 thaa 7«2 Mg/a* 
a potaatlal alloy for aaklag gaa tight eaapaaaata. 
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4iut %• tli«ir l«v Affiaity to oxffva aaA/or eoal* 
TlM i i f f i t u l t y of addiag h i | ^ harimiSLbility but easily 
ozildisa^l* aXldjrinf • l« i ts ts , Na, Or aai T hmf h—m «irar» 
oott« (35f9€) toy ftftdiag t l i t t * •X«a«Bti la tka fox« af aaatar 
•l^loj earbiiaa N€M aai Xfll (toataiaiaf apparoxlaatalf 2yii 
•ma&i af 1IB» Cr or T oat Mo, % Q mA ¥ali»oo fo) • fhoao 
additioao taoaXt into toottar aoeliaaioal prayartioa aai 
aallEiac aiatoroi otoala aaoaablo to traaafoiaatioa iMfioaiag 
aftor additioa of eartooa. 
Tliaa, tli9 preooat vork io a proliainaTy ijsfaatigatiea 
of tko of foot of 1->4 irt«)( 6a or HOI ea atoaa oztdatioa of 
fo-Q to O.i irt.9( f olatoroA ooafaota. Otkor yroalxoa viiieli 
hsTo toooa aaod for tlio ^roooat laroatifatloa aro aa foUoves 
f9S (0 to 0. ( vt.fC) 
fo^.3f - l lo( t -4 wt.Jt) 
fa-0,€P-llo(1-4 at.ll) 
fo-*0.6P.Vi(2 mod 4 vt.fl)-Oa(t aai 4 «t.)() 
fo-0.45f«lloCt aad 2 wt.^)»Ca(1 uid 4 «t«5l> 
Fo-0.6F-<lfoC2 ana 4 vt.9()*eaCf aad 4 vt.jl) 
7o*-0«6r-llGif(2 aad 4 vt.5(}-Ca(1 aad 4 at.^) 
7ho aboTO 9r»ixo8 bavo boon aoloolod to ilkov tlio offoel of 
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phosphoru* aloa* and also the •fftot of quwitity, natur* 
and Aistrilnitloa of poroa on tha ata«a traataaat bahaTlour. 
it 
I I p « R m g y f A L 
2.1 PROCgPURg 
follovln^i rftv ii«t«rlftXe vtrt viB»d for the prt»«iit 
lnT«»tigatlon. 
2.1.1 Iron pondtr 
High oo»pr«»«ibility tpottgo iron poird«r, grsAo MC 
100.24, obtftintd froa H(if«nftt AB, Svt4«&, nmt aoltctod «• 
bac« Bfttoriftl. Charaotoristios of th is povdar arat 
Carbon contant O.OI^ t 
SiOg 0 . 2 ^ 
H2 loss 0.209( 
Apparant danaity 2.4 Nf/« 
Flow rata (Hall flowiatar) 31 aaca/50 pia 
Cosprasaibility 6.4 Kg/a' at 420 NPa 
Partiela aiaa 4-IOO aaah . . . 0.5^ approx. 
-325 aaah . , 21,5* approx. 
2.1.2 P»containing iron poadar 
mc 30, PNC 45 and ?»C 60 a^ppliad by Hdganaa AB, 
Svadan v v uaad for 0.3« 0.45 and 0.6 pet. f^eontalnlng 
iron poadar, raapaotivaly. Thaaa povdara ara baaad on 
HC 1(X>*24 vith adaixad farropheaphonta (7a«P) eontaining 
15.6^) phoaphorus. Charaetariatica of thaaa povdara aras 
Cftrbon conttnt 
Sl Oj 









6.4 Ug/w? at 420 MPs 
-*-lOO atsh . , . ^ii UMXimam 
-325 »«*h . . . 20^ 
Coppar povdar u««4 vft« raduead on* and obtalnad froa 
M/9 Nahlodra 3iat«r«d ?roductt» Ptrna. Charaot«ri«tlc« of 
thjla povdar ara: 
Coppar contaat 99.5?t 
H2 loaa 0.119( 
Apparant danalty 2.25 ««/»•' 
Flow rata (Hall flomiatar) 26 aaoa/50 gaa 
Fartlola else -1-IOO aaah , , . 1.09( 
-325 «arti . . 36. »t 
2.1.4 MCli pondar 
KCX powdar waa obtalnad froa Bl&tamatall-work, 







Pftrticle Blse 10 pM F8SS 
Cu < 0 . 2 2 , SI < 0 . 5 5 , 0 < 0 . 1 5 , S < 0.02 
2.1.5 MplyMcima powJtr 
Molybdenum poirdtr u»«d vii» obtained fro» Mttall-werk, 
?l&n«««, Austria of particle slse 4-6 \m which vaf aeaaured 
on Fischer subsieve sicsr. 
2.1.6 Sicktl povdsr 
Nickel povder used was type 255> obtained from BiCO 
Burope I>td., Thanes Houss, Millbank, London SVXP ITQF, the 


















Apparent density measured by Scott-Toloneter - 0.50*0.65 
a. 
Typical spedfie surface area m /g - 0.7 
Arerage particle slse ;im » 2.2-2,8 F3S9 
14 
2.2 PRp^X R^fffARATtQg 
Pho»phora« conttiit ««« raritd at 0» 0«30» 0.45 and 
0.6 vt.9(. Alloying addltlona, Cu antf S i vara rariad at an 
intanral of 1 vt.^ and upto 4 «t.f(. In oaaa of ternary 
praaixaa, i . a . l%060>4ii.Ctt» F!IC45->No-Ctt or ?fiC6o-No-Cu and 
PSC60 •4fCN-0u» eoppar eontant iraa 1 tuoA 4 vt.^t. Tarioua 
pxanixaa ifrm praparad by aannual nixinir for 1 hour uaing 
acatona aa aadiua. Ko lubricant vaa addad during aizing. 
2.5 COMPACTION 
Qtr99n coBpacta of tha diaiaaion 5 n B x 5 a B x 2 0 n i 
itev aada in a alngla action cospraaaion machina at a praa-
aura of 600 NPa praasura. Tha dia aada of apacial *V* ataal, 
olaanad with acatona, lubricated vith sine ataarata and 
fi l lad with po¥dar praaix« vaa aubjactad to tha raquirad 
load at an approzinata rate of loading of 1000 kg/ainuta. 
2.4 gpTIRfff 
draan palleta vara aintarad in a globar tubular 
fumaoa under dry hydrogen ataoaphare at 1120^0 for 30 ain. 
Tha furnace tuba had an I.D. of 6.25 caa and capable ot 
attaining a aaxiaua teaperaturt of 1300®C vith a control of 
i. 10**C OTor a length of 10 caa at the centre. The teape-
ratura profile of tha furnace i» ahovn in Fig. 2.1. The 
rate of haating to sintering teaparatura vaa 7I/ain. Tha 
rata of cooling froa sintering teaperature vaa 13K/ain. in 
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D i s t a n c e from on? ^nd , Cni 
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F;q. 2.t TEMPERATURE PROFILE OF IH E S ! N T ERING FURNAC E 
AT 1120 C 
2.!> 3TgAll THBATMBMT IXPIRIHBiif8 
ilfttr (l«t«rainliig elnttrtd d«ft«lty fz>o» vvicbt and 
diiBtnilonal ••a«ur«m«&t8 and ?lek«r« liaz^dntM at * load of 
5 t^cg, 3 aui tblok Blioat vtr« cut and ground with alllooa 
earblda papar of grit aisa 180 and 520. Tha alleaa vara 
cXaanad vlth triehloroatbylana and aeatona and valgliad on a 
aiorobalanoa hating an acouraey of t 0.0005 gs. Thay vara 
than put In a prarioualy vaighad all ioa boat and inaartad 
Into iilchro«a wound tubular fumaca having tasparatura eon-
trol of i. 10**C, Taaparatura profila of tha fumaca i s ahovn 
In r ig . 2.2. Staaa la ganaratad in a ratort and prahaatad 
in a haatad ooppar ooil to tha approziaata traatnant taapa* 
ratura. Tha ataaa vaa than paaaad at ataoapharic praasura 
through the tuba furnaoa and finally Tantad to tha ataoa-
^hmT%. Spaeiaana wara introduoad into tha fumaca tuba with 
ataaa alraady flowing and vitb tha furnace at tha taapara-
tura. 
Coldaat part of fumaca ctarga auat ba at a taapaxm-
tura graatar than lOO^ C bafora ataaa ia adaittad to tha 
traataant fumaca, othanriaa hydroxida of iron ie foraad 
which aubaaquantly changaa to rad ruvt according to tha 
ri) act Ion 
2Fa(0H)3 > FagOj + H^gO 
If air ia prasant in tha fumaca, J^^-M^ aay fora. During 
5 00 l~ 
4 0 0 l-
(-
3 00 
2 00 \ 
too -
! _L 
10 4 0 2 0 3 0 
Di s t ance from one end ,Cm 
\<i. 2 . 2 TEMPERATURE PR0F5LE Of TUBULAR FURNACE AT 50; 
l b 
•lioz<t t l s t , a^oat 30 MO* or 50» t)i«r« i« l l t t l « chftoe* of 
air entering into th« fux^uieo slnoo tht fumae* tn^a ia at 
posltira ataan praasura. 
Tha traataant was oarritd out at 500^0 for tJjMs 
•aiding batween 5 to 120 alna. 
Spaclaana aft ar staaa trtataant vera vaighatf and 
distanalona n^r^ aeaaurtd aa foUovat 
2(1 « b + b X t -»• 1 X t) 
vhara 1 la Xaoi^th, b tha braadth and t thicknaaa of oxidlsad 
•licaa. Vali^t gain or lota par anit oxidlsad araa vaa oal« 
culatad and vaight gain rw, troataant tiaa vaa plottad. 
2.6,1 Optical Bicroeoopy 
Oxidiaad aintarad •paeiaana ax« aaong tha aoat diffi-
cult onea to prapara for aatallographic axaainatios. Tha 
oxida akin should ba rttainad. Thay ifv aountad in Aral-
dlta and ground on SIC papar of grit aisas 180t 320* 400* 
500 and 600 fm, fhwj var« than poliahad on CBIfSZCO aingla 
disc polithiz^( aaohina using short nappad aylTat or TalTat 
cloth to avoid raliaf. Tha aaohina had a ralatiraly loir 
epaad of 500 rp«. Polishing vas dona ufiing 1 •lortB aluaina 
povdar suspension in dist Iliad iratar. Praparatlom of tha 
apacinan iras found difficult aa aoaatiaea dua to fraa coppar 
/ rj 
1»«inc ni«ar«4 OT«r th* curfao* and/or oxld* layer li«lzif 
broken up and boizig aaoarod and aBbedad in araldlta vhieh 
shall ba OTldant in third Raptor. 
Uilttta aolation of nitric add in alcohol vaa uaad 
for atching of tha poliahad spaciitant, 
2,S.2 Scanning Ilactron Kieroaoopy 
Scanning ilactron Microscopy atudias vara carried 
out on Caabridga Staraoacan Slactron Micz^soopa for vhich 
the f a c i l i t i e s of Metallurgical Ingg. department of Banaraa 
Hindu UniTeraity, Yaranasi vere used, 
2.7 HAHDHESS MBASDRBMHiyS 
Hardneas of the ateaai treated speciaens were deter-* 
mined on Vickera hardneas teating nachine at a load of 10 kg. 
The acatter in hardneas reading was t. 5^ Bv 10. lac^ Talue 
i« an avaraga of at leaat six readings. 
2.7.1 Mt^r^ardfiftT dftfiitna^^ff^ 
Microhardneas of oxide was detemined on luehler 
Kicrohardneas tester at a load of 100 g». Visible pores 
and unoxidised area vere aroided as far as possible. The 
indwitor inpresions at lover load vere sowiti«es obscure 
probably becauae of pore and/or matrix area being covered 
by the indentor. Bach aiorohardness valae i s an average 
of four readings. 
id 
R I S tr L T 8 
3.1 PRlLIMIIAaT OXEDATIOy STODIBS 
?•» sptclm^n* of f«»P, F»-P-Cu and f»-F-M0JI ir«r© 
•ubj«ot«4 to »lr oxidatiOB for 30 to 90 •lautos at 5OO-600**C. 
It was obaarrad that oxida layara fonnad itttT* InhoMOganous, 
non-adharant and paalad off during handling. Air oxidation 
van not oontinuad any furthar. 
3.2 8YIAK fRlATM8HT STUPIIS 
Tahla I ahova the per cant poroaity and hardnaaa of 
aintarad oonpaota. Tha appaarariea of oxida layar fomad waa 
ganaraXIy bluiah gray to blaek and Tiaual obaarration ahowad 
that oxida layara vara ganarally unifoz«. 
3.2.1 Ktpft4<? flittd^^y 
3.2.1.1 ya»P coapaota 
Vaii^t gain incraaaaa vith incraaalng traataant 
tiiaaa upto 60 sinutae (?ig. 1). Vith incraaaing phoaphorua 
contant, vaight gain ganarally daoraaaaa. 
3.2.1.2 fa-l'^Ctt coMpaota 
In caaa of fa-^u and Fa~0.3P-Cu aintarad coapaota, 
vaight gain incraaaaa vith incraaaing ataaa traataant tiaaa 
( l iga . 2a A b) . For hii^ar (0.45 and 0.6%) P-containing 
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aft«r vhieh i t r«aaint eonvtnat (fligs. 2o ft d) . In g«ja«r«l, 
vith Increasing coppar eontant, valght gain inortaaaa vhila 
with incraaaing phoaphorua contant, i t usualXy daeraaaaa 
(Fig. 2). 
3.2,1.5 fa-f'JIo coapacta 
Vaight gain incraaaaa with Ineraaaa in ataaa treat-
mant tisaa aiailar to that of 7e-F-C« eonpacta (Fig* 3). 
RovaTar, upto about 45 nlnutea of traataant tiwia, tha 
Tariation of valght gain vith tiaa and incraasa in nolyb* 
dan\» oontant ia not ragular (Figa. 3a ft b). Aftar A3 
•inutaa of traataant tiaaa, vaight gain, ganarally, dao-
r99i9%9 vith ineraaaing Ko-eontant* Vith inaraaaing ?-contant, 
thara ocoura a dacraaaa in vaight gain. Laral of vaight 
gain ia alightly lovar in Mo containing eoapacta aa eoaparad 
to that of Cu-oontaining eoapacta (Figa. 2 ft 5). tha varia-
tion of vaight gain vith tiaaa lavala off at about 60-90 
Binutaa of traataant tiaaa (Fig. 3)* 
3.2.1.4 Fa-F-MCM eoapacta 
Variation of vaight gain vith ineraaaing ataaa 
traataant tiaaa and ineraaaing phoaphorua contant in ain-
tarad eoapacta ia aiailar to that in eaaa of Cu-eontaining 
eoapacta (Figa. 4a to d). Vith ineraaaing MCX contante, 
vaight gain invariably incraaaaa. At lovar phoaphorua 
lavala, vaight gain in MCM-coataining eoapacta ia higher 
than that in eaaa of Cu-containing compacts (Figa. 2 ft 4) 
9*^  
but ftt higher phosphorus content*, ir«l|^ t gain in MCN- and 
Cu-containing coapaets are coaparahle. 
3.2.1.5 Ternary povder preaiiea 
Xn case of ternary povder coapaets, the rarlatlon 
of weight gain with treatment times and copper contents are 
einilar to that obsenred in case of binary prttsixes (Figs. 
5a to d). The order of increase of weight gain in case of 
HCM containing compacts is highest. Higher Mo ai:^  P 
decrease the level of weight gain (Pig. 5b ft c). 
3.2.2 Hardness 
3.2.2.1 ye«P coapaets 
Hardness increases with increasing treatment times 
upto 30 ainutes after which there occurs a aarginal decrease 
in it (Fig. 6). With increase in phosphorus content from 
0 to 0.45 wt.l^ , there is a raiall increase In hardness while 
when ? contsnt is incrsased froa 0.45 to 0*6 wt.?^ , hardness 
increases significantly. Vith increasing P contents, naxi-
wam in hardness is achisTed at shorter treatment times. 
3.2.2.2 Fe«»P-Ctt compacts 
Maximum hardness was found after steam oxidation for 
30 minutes (Figs. 7 * 8 ) , After 30 minutes of treatment, 
hardness either remains constant or there is a marginal 
decrease. Howerer, there occurs a significant increase in 
hardness of the oxidised samples over that of as sintered 
24 
apoclatna (?ig0. 7 & 8 and Tabl« I), fht 1«T«X of laeraas* 
in hardn«a» of Fa-Cu oxidista «p»cl»tn (?!«• 7a} la highar 
thaa that In oasa of ?a-0.3f-Cu apaolBana (Pig. 7b). Aftar 
0.3 ytt,% f laral hardnaaa, in ganaral, Inoraaaaa with la> 
craaaing P contant (Figs. 8a k b). In sanaral, hardnaaa 
ineraasat with incraaalng ooppar contant (Figs. 7 Ik 8). 
3.2.2.3 ra"P'4to coapacta 
Tha Tariation of hardnaaa vlth ataas traataant tlaaa 
ia alsllar to that of Fa-? or Fa-P-Cu eoapaeta (Fig. 9) 
axe;apt that aaziaua in hax^naaa i« achiarad at around 60 
aixiutaa of traataent tiaaa* ¥lth iner^AB^ in P contant 
froa 0.3 to 0.6 irt«9(, tha hardnaaa lacraaaa la of tha ordar 
of 60 fiV 10 whlla with Inoraasa im No contant froa 1 to 4 
wt,^, hardnaaa incraaaa ia upto 30 HV 10 only. HowaTar, 
with ataaa traataant, hardnaaa Incraaaa upto ovar 100?^  ia 
obtalnad oTor that of aa aintarad ooapaeta. 
3.2.2.4 Fa-P-JICK ooapaeta 
Tha Tariation of hardnaaa vith atata oxidation tiaa 
vith inoraaaing NCK or P eontant ia in ganaral aiaiXar to 
that of othar ayataaa (Figa. 10 It 11). Hova^ar, ona iapor-
tant point to nota ia that no aaxiaoa in hardnaaa ia 
obaarrad, Bardnaaa ragularly inoraaaaa vith Inoraaaing 
traataant tiaaa. Thia trand of ragular Incraaaa ia hardnaaa 
vith inoraaaing traataant tiaaa goaa on bacoaing aora and 
aora evidant vith inoraaaing phoaphoraa contant. Tha in-
p> 
ertftt* in hardn«t« of as •tvaa tr»at«A saaplti OT«r that of 
a« tlntartd on«« i s upto 12(3 .^ 
3.2,2.5 y»m>ry powdT coapaota 
Vith increaaa In trtataant tir.aa of Na-oontainiag 
slntarad tarnai^ praaizaa, the Tariation of hardnaaa la 
H^enarally aiallar to that of othar binary praaixaa {Ttg9, 
12a A h). BovaTar, aaxiBiui in hardnoaa iA caaa of PKC45-
Mo-Cu ooapacta ia achiavad at 45 ninutaa of traatBOut tiaae 
vhila in caaa of PllC60-llo-Cit ooapacta at 60 ninutaa of 
traataant tia»a. Vith ineraasing Mo oontaat hardnaaa gana-
rally incraaaea but vith inoraasing Cu contanta hardnaaa 
gtnaralljr dacraasaa (?iga. 12a A b). 
In IfCSf containing coapacta, incraaaing MCM eontanta 
inoraaaaa hardnaaa but incraaaing Cu i^dition daeraaaaa 
hairdnaaa ( f ig . 13a). Tariation of hardnaaa with incraaaing 
traataant tiataa ia aiailar to othar tamary ayataas. 
In caaa of fii-eontainicg eospaeta hardnaaa incraaaaa 
upto 60 ainutaa of traataant tiaaa aftar which thara ia a 
fa l l (Fig. 13b). Hoverar, rariatlon vith incraaaing Si or 
Cu content doaa not giva any conoluaira raault. 
3.2,3 Straetural atudiaa 
3.2,3.1 Fa^g ooapacta 
In ganaral vith inoraaea in ataaa traataant tiaaa. 
OP 
oxld* lfty*r vftt found to b« thicker and •lightly diffuMd. 
I B ca«* of plAln iron* the oxidt layer eteaiB to haT« broken 
during grinding and polishing and saeared orer the surface. 
With increasing P content oxide layer is relatively sharp 
(figs. U a to d). 
3.2.3.2 Fe^P-Cu compacts 
Niorostruotural exanination shows that with increas-
ing treataent t iaes , oxygen difftises deeper into the aatrix 
(Figs. 15s to f ) . When the copper contsnt vas increased, 
oxidation increases (Figs. 15s ft o or b lb d) . Higher asount 
of phosphorus decreases ths rate of oxidation (Figs. 15s & f ) . 
Ths aboTS obsenrations are aore evident through 
scanning electron pictures of oxide plus aatrix regions 
(Figs. 16 to 19). Longer treataent tiae increases the thick-
ness of oxide layer (Figs, 16 ft 17). In case of P-eontaining 
speciaens, oxide thickness does not appear to have increased 
with increasing trsataent t iae (Figs. 18 ft 19). 
3.2.3.3 Fe-P-Mo coapacts 
At lower treataent tiaes the oxide layer fomed is 
thin and diffuss (Fig. 20). Soae selective oxide patches 
near pores have been shown in various coapacts. In case 
of Fe-0.3P-:^o compacts, steaa treated for 90 ainutes, 
relatively well-defined oxide layers have been shown (Fig. 
20o). Such layers have been found in higher Mo and/or higher 
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f'-oontminixig ooBpaeta (fig*. 20 & 21). Hlfh«r Mo and lLlgh«r 
P»contftl)QlQf ecwpacts •hour dharp, v»ll-4«fla»d and largt 
gralnt <Fig«» 20d ft 21). Forts ara attallar axid roimdad ones; 
tlila la »ora arldaat through SM photographs (?lg, 22), 
During speeiBtn preparation oxids partlclts fr^ut&tly 
neaared oTsr araldlta aad Tlsa-Ttrsa a« ahoim la f i g , 21• 
3.2.3.4 Fs»P»ltCM coapacts 
Vith l&oraasi&g treatiient tlmss in case of BC-1KCK 
cospacts thiekness of oxide layer increases (Figs. 23 ft 24). 
Vlth Increasing MOM contents, the definition of oxide layer 
decreases. For higher F~containing Fe«NC9i oonpacts the 
oxide layer vas frequently brolnn. HoveTer, the oxide layers 
are diffuse (Figs. 25 * 26) contrary to the effect of P on 
other syeteas. 
3.2.3.5 ternary powder compacts 
In eass of Mo-oontainlng ooapaots, the effect of 
increasing Ou content on sharpness and definition of oxide 
layer i s aarglnal (Fig. 27a ft b). fhe oxide layer obtained 
i s relatively sharp. Sharpness of oxide layer i s iaproved 
bat thickness i s reduced by increasing P content to 0.6 vt.lt 
and Mo content to 2?t (Fig. 27c). 
In case of MCM»eont«lnlng coepacts, increasing MOM 
content and increasing treatnent t i s e s inereasss the rate 
of oxidation (Fig. 28), Increasing copper content increases 
99 
4.a 
oxidiitloa And yl9ldi« dlffu«« 9xia« Iay«r (fig. 28<£). 
la omee of lll->oontalnixMK eompaota» th« oxide layer 
foraed is Tex? thin at 10 aiautea of treataect tiaes vhile 
with higher treatment tiaee ai^ higher copper contents no 
veil defined oxide layers are foraed (Fige* 29a k b). Micro-
etructural obeervation doee not giTe tmy conclueiye result, 
fhe structures are hetexogenous. 
3*2«4 Microhardness deteraination 
Xicrohardness values (Table ZI) shov that with i&-
orease in P contentt there is significant increase in aicro-
hmrdneas Tslues. An increaee in hardness TSlues of about 
100-150 HV 0.1 is observed when P content is increased froa 
0 to 0.6 irt.9(. In case of P8C 60 coapaets* increase of 
treataent tis^ e also shovs aarginal increase in hardiness 
•lalues. 
In case of Fe-?*Cu eoapacts, there occurs a rery 
slight increase in aicrohardness Talues vith increasing Cu 
or P content. Increasing treataent tiae also does not 
ijacreaee aicrohardness value to any significant degree. 
In case of fe-P-Ko eoapacts, effect of increasing Mo, 
P or treataent tiite is in general siailar to that aentioned 
above in case of Fe-P-Cu eoapacts. the aicrohardness values 
obtained in case of Fe-P, Fe->?*0tt or Fe-P-Ho eoapacts does 
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Zn e««9 of 7«-iP-JfC9l coapacts, alcrohardntts Talues 
gen •rally inoraat* vlth iaoraaalng ? oontant and also irlth 
incraaalnc MCX contant at a partictiilar laral of phoaphoraa. 
MiorohardnasB raluaa obtalnad in thia ayataa ranga batvean 
400 to 622 m 0.1. 
In tamary coapaeta aioroharAnaaa Taluaa oVtalnad ara 
in tha ordar MCM — ^ Mo — » Hi in dacraaaing aagnituda. 
yiQoai CAPTIOUS 
Pif. 3.1 height gain with r««p«ot to tl«» of •ttaa tr«»t-
»«nt at 500**C for tlntared Fa-P alloyt. 
Pig. 3.2 y«lght gain irlth rtaptot to t l s t of ataas traat-
aant at 500^0 for alntarad Pa-P-Cu alloya. 
Fig. 3.3 Vaight gain vlth raapeot to tlaa of ataas treat> 
aant at 500®C for alntarat Fa^«4!o alloy a. 
Fig. 3.4 Weight gala with raapaet to tl«a of ataaa treat-
aant at 500^0 for alntarad Fa-P*NC9! alloy a. 
Fig. 3.5 Valght gain with rtapact to time of ateaa treat-
aant at 500**C for alutered (a) Fe-P-KCM-Cu, 
(b) & (e) Fa-P-lfo-Cu and (d) Fe-P-Sl-Ou. 
Fig. 3.6 Variation of hardneaa with time of ataax treat-
aent at 500^0 for alntarad Fe-P alloy a. 
Fig. 3.7 Tarlatlon of hardneaa with time of ataaa treat-
sent at 500^0 for aintered Fe-P-Cu alloy a. 
Fig. 3*S Variation of hardneaa with t lae of ateaa treat-
arat at 500°C for aintered Fe-P-Cu alloya. 
Fig. 3.9 Variation of hardneaa with tlae of steaa treat-
aant at 500®C for aintered ?e-P*-Mo alloya. 
Fig. 3*10 Variation of hardneaa with tlae of ateaa treat-
sent at 500**C for aintered Fe-P-HCM alloya. 
Fig. 3.11 Variation of hardnaaa with ti«a of ataa* tr«at-
nant at 500®C for sintarad fa-P-MCK alloys. 
f i g . 3.12 Tariation of hardnaaa with tiva of ataan traat-
»ant at 500**C for aintarad Pa-P-4lo-0ii alloy a. 
Fig. 3.13 Variation of hardnaaa irlth tiaa of ataaa traat« 
•ant at 500*^ 0 for aintarafl (a) Pa-P«MCN«»Cu, 
(b) Fa-P-Mi-Ott. 
Fig. 3.14 Mioroatructura of aintarad and etaaa traatad 
farroua alloys ahoviag oxidisad layar and matrix 
ragion (a) Fe, (b) Fe-0,3Ff (c) Fa-0,45F» 
(d) Fa-0.6F traatad for 90 ninutas. Magnifica-
tion 200X, Bital atchad. 
Fig. 3.15 MicroBtructura of aintarad and ataas traatad 
farrous alloys ahoving oxidisad layer and matrix 
ragion (a) Fa-lOu, (c) Fa»4Cu and (a) Fa-0.6P-4Cu 
traatad for 30 sinutas, (b) , (d) and (f) sane as 
(a)» (o) and (a) , raapaotiTsly but treated for 
90 adnutes. 
Fig. 3.16 Scanning electron Bicroatruotitre of Fe-lCu steaa 
treated alloy, (a) and (o) treated for 30 ninutesi 
(b) and (d) treated for 90 minutes. 
Fig. 3.17 Scanning electron miorostmotures of Pe*4Cu steaa 
treated alloy, (a) and (c) treated for 30 alnutes; 
(b) and (d) treated for 90 minutes. 
Fig. 3.18 Soannlng •X«ctron »icro«truotur*8 of F«'-0.6P-lCtt 
8t«aB trtatcd alloy, (a) an^dl (c) traatad for 30 
Bi&utaa; (b) aod (d) traatad for 90 alnutas. 
Fig. 3.19 Scanning alaetron alcroatructuraa of fa-0.6P-4Ctt 
ataaa traatad alloy, (a) and (e) traatad for 30 
•Inutaa; (b) and (d) traatad for 90 minutes. 
Fig. 3.20 Mlcroatracturaa of alntarad and ataaa traatad 
farroua alloya. 
(ft) Fa-0.3P-2!!o, (b) Fa-0.3F-^o, traatad for 
10 Blnutaa; 
(c) Fa-0.3F-3llo, (d) Fa-0.3P-4llo, traatad for 
90 alntttaa. 
Fig. 3.?1 Mloroatractura of alntarad and ataas traatad 
farroua alloy*, 
(a) Fa-0.6P-1l!o, (b) Fa-0.6P-2l!o, (o) Fa-0.6P-.3Mo 
(d) Fa-0.6P*4ifo, traatad for 90 Mlnutaa. 
Fig. 3.22 Scanning alaetron ulcroatraotur of Fa«0.6P*2Ko 
(a) at tha oxldlsad raglon, (b) at tba eantra. 
Fig. 3.23 Mlcroatruoturaa of alntarad and ataaa traatad 
ferrous alloy. 
(a) Fa-mcM. (d) Fa-3MCM traatad for 10 alautaaj 
(b) Fa-IMCK, (c) Fa-2NCN an3(a) Fa-3MCII treated 
for 90 Blnutaa. 
71g. 3*24 Kicroatrueturtc of 9lnt«r«d and 0t«Mi -lr««t«d 
ferrous •lloj, r«*4NGIIt (*) and (b) tr«at«d for 
10 and 90 ainutaa, raapootiraly. 
Flg« 3.25 Microatruoturta of aintarad axkl ataaa traatad 
farroua alloya. 
(a) ?a-0.45P-»1ll<», (o) Fa-0.45P-4Mai traatad for 
10 alnutaa; 
(b) fa«0.45P-1MC!l, (d) Fa-0.45P-4IICM traatad for 
90 Blnutaa. 
Fig. 3.26 Nloroatraoturaa of alntarad and ata«i traatad 
farroua alloy*• 
(a) Fa»0.6F«2HCX, (o) Fa»0.6P>3NCX traatad for 
10 mlnutaa; 
(b) Fa<-0.6P-2NCX, (d) Fa>0.6P<-3NCaf traatad for 
90 Blnutaa. 
Fig. 3.27 Mloroatruoturaa of alntarad and ataaa traatad 
farroua alXoya. 
(a) Fa-0.45F-11lo-1Cu, (b) Fa-0,45p_i]y[o-4Cu 
(e) Fa-0.6F-2No-4Cu traatad for 90 ainutaa. 
Fig. 3.28 Mioroatructuraa of alntarad and ataaa traatad 
farroua alloya. 
(a) Fa-0.6F-2M0H>1Cu, (b) Fa-0.SF-4}fGK traatad 
for 90 Blnutaa. 
(o) Fa-0.6P-4]fGM«4Cu traatad for 10 Blnutaa. 
Fig. 3.29 Nlorottruetur** of •int«r«d sod vteaa treated 
f«rroui alloy•• 
(«) Pe-0.6P-4Ml-10ti, (b) ?»-0,6P-.4Hl-4Cu troated 
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D I S C U S S I O I ^ 
4.1 THBORETICAIi AfiD KIUBTIC ASl'KCTS 
According to Wagner*8 theory (37) t If a metal (Pe) i s 
ezpoeed to gae (B2O) at a proper tenperature, gas and metal 
decompose to ions and electrons as followsi 
Fe ^ Pe^* ••• 2e 
H2O 5 = = i Hg • ^©2 (1) 
O2 + 4e > 2O2 
One moleottle of oxygen ohemisorbed on the surface of the 
metal oonld cause the migration of two Fe ions and tvo 
2* 2+ 
electron vith formation of tvo Fe vacancies (OFs ) and 
tvo electron •acanoies ( €> ) as followst 
Og » 2Pe^ •!• 2® e H- 2FeO (2) 
Iron ions are cations and oxygen ions are anions so they 
migrate to each other and oxide fonss. Thus when iron ions 
diffuse tovards the metal/oxide interface» vacancies diffuse 
in the opposite direction and they possibly condense at the 
grain boundaries and pore surfaces. Therefore the vacancy 
concentration of the matrix decreases. 
The principal ob;}ective of treatment ie to produce a 
layer of Fe,0. on all surfaces exposed to steam. In Indus-
sn 
trial praetlct treatment tasperatures of 425 to 600**C 
(3» 5* 6) have been used. The basic overall reaction is 
3Fe + AHgO ^ Fe^O^ + 4H2 (3) 
It has been ehovn that (6) Fe^O^ it the only oxide formed 
Et H2O/ Hg ratio of 0,1 to 1.0 at reaction temperature of 
400-600^0. At lower temperatures (25®C) the only product 
formed when iron reacts vith water vapour free from ozygen 
is Fe(0H)2* Hovever, if air is present some Fe,0. also 
forms (38), At temperature above 60**C, Fe.O^ forms. FeO 
does not form at temperatures less than 570^0 but within 
the range 570-700**C both FeO and Fe«0^ form and the propor-
tion of FeO produced increases with tmiperature. The phase 
diagram for Fe/02 eystem shows that at 570^0« FeO decomposes 
eutectoidally to c?(.-Fe and Fe,0^. 
The initial rate of stefion oxidation as measured by 
weight gain is very rapid and more than about 60^ weight 
gain occurs within 20 minutes. However, this time does not 
agree with the reported works (2, 6) who observed that more 
than 50^ weight gain occurred within 10 minutes. The reason 
seems to be the effect of alloying elements giving different 
density of sintered compacts* phase stabilisation, morpho-
logy of the pores and affinity of the elements for oxygen 
etc. (Figs. 1-5). 
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Hombogva and 61«im (39) r«po3Pt«d that in F«-1.2Cu, 
clu8t«r« of copper gro¥ at a rata that ean b# oxplsiinad h^ 
the concentration of exeeae yaoanoies in the Material, vhich 
are preferred ei tee for the nucleation of eopper par t ic les 
within the l a t t i c e . 
Thus i f eteeoi treatment la ueed aa an ageing t r e a t -
ment, most of the preferred s i t e s (T^canoiee) vhich would 
normally be used for nucleation of £^-eopper are not ava i l -
alble throu^out the matrix as a uniform dis t r ibut ion . 
Instead most of the precipi tate par t ic les nucleate in those 
regions (e .g . pore surfaces, grain boundaries) vhere the 
•acaney concentx^tion i s high. I t can be agreed that in-
crease of copper content increaaes resistance to oxidation 
(40), owing to the osal ler number of vacancies for diffusion. 
Asa resul t fever nucleation s i t e s for homogenous nucleation 
of eopper par t ic les exis t . 
Franklin and Davies (41) examined the influence of 
treatment at 5^0 and 650^0 and demonstrated that at 650®C 
very rapid oxidation occurred but, because of surface sea l -
ing, a lover t o t a l oxide content i s achieved after long 
treatment times than i s normal at the lover t«mpeimture. 
Our resu l t s in general, also show such a behaviour (Figs. 
1-5) as the rate of oxidation decreaees with increasing 
steam treatment times. Oxide layer formed are impervious 
4-1 
a« in eTidtnt through parabolic nature of ounro. 
4.2 EFFECT OP PHOSPHQRgS 
It haa htan raportad that phoaphorua dua to Xiqtiid 
phata aintariBg and farrita atabilisation (34) spharoidisas 
tha poraa and raduoen tht asount of intar'-eonnaotad poroaity 
and channala* Thua, thara ia a oorraapondlag dacraaaa in 
tha amount of opan porotity aftar ataaa traateant undar any 
atandard eot of tie«/ttBparatura couditiona. In spacimena 
haring higher sintered density i t ia raaaonahla to agree 
that the ehannela connecting individual pores v i l l be 
narrover and that theae wil l become blocked by oxide more 
rapidly during steaa treataent. The aoparent reeidual open 
porosity in speciaens prepared troK higher P*oontaining pre-
fflixes was lower and thia appears to be the reason for lower 
weight gain with treatment times in such compacts (Fig, 1) . 
A maximum in the weight gain ocoura at a treataent time of 
between 45<-60 minutea. Oxidation by steam ia a diffuaion 
controlled process and the pore closure wil l occur at a 
slower rate at longer treatment times because the extent of 
oxidation, as measured by wei^t gain* i s considerably res-
tricted because of the sealing of surface pores at aa early 
stage during treatment. This i s ewident from microstruo* 
tures also which show well-defined oxide layers in specimens 
containing higher phosphorus contents (Fig, 14.) 
Th« sintered hardness inersases vlth Inersaslng 
phosphorus content and this trend is noticed in case of 
oxidized sai&ples also due to efficient healing and closure 
of pores (Fig. 6). KoireTer, the level of increase in steaa 
treated hardness cannot he explained due to oxides F^vO. or 
Fe20a (minor constituent) alone. X-ray analysis did not 
show any phosphorus having been oxidised. The major consti« 
tuent in oxide vas found to be hematite Fe«0. vhich is also 
evident from parabolic nature of weight gain vs. treatment 
times curve. Workers in this field (28, 31 etc.) have 
observed hardness increase of upto 50^ after steam treatment 
over that of as sintered compacts. Olearly, the increase in 
hardness seems to be due to some other effect also. 
H'dmbogen (53) shoved that phosphorus could produce 
appreciable age-hardening in Fe-P alloys after carrying out 
experiments on mild steel (0.15C« 1.9bai). He obssrved age-
hai-dening to occur in the range 40O-$5O Cf but the maximum 
effect vas observed at-—450**C. The intensity of age-
hardening increased with increasing ^-content. At phospho-
rus content above 0,5%, increasing amounts of ^^ -ferrlte 
vere obseived at the solution treatment temperature with 
increasing phosphorus contents and^ 2)g P, the steel vas vir-
tually ferritio. The precipitating phase vas ?e«? but the 
details of age-hardening process have not been investigated. 
More recent studies on sintered Fe-P alloys (42) have shown 
Vt 4 
by taking «xtraetiOQ r«plloft« obtained on an electron aicroe-
oope that upto 0.8^ P content» pkoephorus diasolTed in the 
<K.-Po and was not segregated in the pure fom or in the for« 
of compounds at the grain boundaries when the specinens were 
heated and cooled during sintering under laboratory-scale 
conditions. Hovever, cooling rates have not been mentioned 
by the author (42) but it is expected that furnace cooling 
under laboratory conditions should not give higher than 
lOK/min cooling rate. From the phase diagram of Fe-P system 
(43) solubility of P in iron was found to be 1.26, 0,83t 
0.25 and 0.015 vt.^ at 800, 700, 500^0 and room temperature, 
respectively. The results of Amin et al. (44) aad Idndskog 
et al. (34) showed that upto 0.6 vt.^ P vas completely 
diesolyed and alloyed with iron az^ was retained in solid 
solution at room temperature eren after as slow cooling as 
TK/min. fhus, the increase in hardness in P->eontaining sam-* 
pies seems to be due to combined action of steam treatment 
and ageing. This is further confirmed from large increase 
in hardness when P content was increased from 0.45 to 0.6 
wt^ and also due to slight decrease in hardness after reach-
ing maximum at 30 minutes. 
4.3 BFFBCf OF COPPBR 
The gain in weight of Pe-Cu sintered alloys with 
increasing treatment times is, in general, qualitative 
agreement with the recent results of Phadke, Davies and his 
(^ 4 
oovork«r0 (25-29) (?ig. 2), It hfte beta reported that (21) 
mall addition of copper hair« littla affect on tha oxidation of 
solid iron at 900^0 in oxygan or oxygon argon atmoaphara. 
Addition of 0,J% P to Pa-Cu alloy does not changa tha varia-
tion of vaight gain vith inoraaaing traatmant tiirae (Fig. 
2b) except that the oagnituda of weight gain alightly in-
oreaaea. Vhen the P content vaa increased to 0.45 or 0.6^, 
the currea of vaight gain va. treetnent time lerel off at 
30 to 60 Bin. (Fige. 2o & d). Such a behaviour aeena to be 
due to pore-rouxUling effect of phoaphorua which inhibit the 
diffusion path for oxygen aa already deacrlbed. For diffu-
sion of atefEOB pores and channels should be inter-oonneeted. 
Such a result ia confiraed through nierostructures (Fig. 15) 
aad soanniag electron microstructures (Figs. 16 to 19). In 
fact, longer treataent tisje appears to have decreased the 
oxide thickness. However, rounding off of tha pores are 
evident in Fig. 19. Some oxj'gen appears to have diffused 
inward into the matrix. This may be the reason for lower 
thickness of oxide vith increasing treatment times. For 
phoaphorua free apecimens, oxide thiokneas increases vith 
increasing treatment times end higher copper content (Figa. 
15a to d). 
The variation of hardneoa vith treatment times for 
?e-Cu an<^  Pe-P-Cu specimens is also similnr to the earlier 
results for Fe-Cu alloys (29) (Fige. 7 * 8 ) . Maximum in 
^ ^ i 
hardii«88 le obtalntd aft«r 30 mln. of tr«atBent while 
Eaeavleadah aztd Davies (29) fouofl maxlBUffl In hardness after 
treatnent tliaes varying between 25-60 «in. However, hard-
ness observed in the present investigation is slightly lower, 
i.e. 160-190 HV 10 while earlier workers (26-29) have 
reported hardness values of 170-240 HV. Sintered specimens 
in case of Fe-P-Cu alloy are furnace cooled at an average 
cooling rate of 13K/]ain. It has been reported (26-29) that 
precipitation hardening was obtained in sintered samples 
cooled from sintering temperature at a rate of 25''cMn. or 
higher. The effect due to precipitation hardening apT>ears 
to be marginal. Scanning pictures also do not show any 
obvious precipitates (Pigs. 16-19). Kicrohardness values 
are shown in Table II, This la slightly lower than previous-
ly reported values of 545 HV (5) for Pe^O^ in iron and 460 
HV (28) for Pe-2t Gu alloy. This may be due to either slow 
cooling of samples from sintering temperature or other 
constituent in the oxides. 
4.4 RFFFCT OF HOLYBDEt^UM 
As is well known if more than 1.2 wtt Ho is added to 
iron, theo^ (^) ferrite phaee becomes stable at a tempera-
ture of 1050-1200^0 (45). Phosphorus, like molybdenum, is 
also a ferrite stsbiliaer and iron-phosphorus alloy contain-
ing more than 0.65^ « P would be fully ferrltie at a tempera-
ture of 1050-1200*^0 (34). Thus, because of the additlvs 
^ii 
tff«et of Mo and P, poroelty decreaBes and beoomes roundad. 
The Tarlatlon of weight gain with treatment times 
is generally similar to that of Cu~containing specimens 
(Fig, 3) reaching a maximum in weight gain at 60 min. of 
treatment times* The oxidation resistance increases vith 
increasing Ko or P addition (Fig. 3). Howerer, the leTel 
of weight gain obtained in Fe*P-Mo specimens is less as 
compared to Cu- or MCK-containing camples (Figs. 2, 3 & 4) 
due to isolated, smaller and rouaded pores and higher 
sintered density. 
The increase in hardness with treatment times reaches 
a maximum at 60 min. of treatment time. The increase in 
hardness of as oxidla^ed ssmples oyer that of as 
sintered samples Is 120 EV which is difficiilt to explain by 
low oxidation rate of such samples because Ko has lower 
oxygen affinity than iron and the density of the specimens 
is high. It has been reported (32) that Ho Is capable of 
causing appreciable age-hardeiiing in ferrlte. Little use 
seems to have been made of molybdenum age*hardening in low 
alloy steels, apart from a development (46) aimed primarily 
at high temperature materials. Thus, hardness increase in 
Fe~?-F>o alloy seems to be due to the combined action of oxi-
dation and precipitation hardening due to the presence of 
P (md Mo, It seems that sufficient amount of P and Ko are 
^v 
r»taln«d in solid solution during cooling at I^E/nin. from 
the ©intsPlng t«»p«ratur« of 1120*^0. This point rsqulrss 
further sxplanation and mora work la raquirad on the extent of 
ag«~hardaning oauaad by Mo in ordar to gat eonclualTa raault 
about optimus conpoaitlon of Ko, tiaa and tamparatura of 
treatmant ato. 
<*5 KFPRCT OF TRAHSITIOli ME?AL CARBIDB MASTER ALLOY 
MCN addition in iron or iron-phoaphorua pramixaa 
givta riea to growth as ahovn in Table I . Majority of the 
poras appear to be inter-connacted aa ahoim in ? igs . 23 & 
24. This eeeffis to be the reaeon for relatively large wsigjit 
gain with increasing eteam oxidation ticaa. The MOM powder 
added to iron or P->oontaiaing iron ia upto 4 wt,€. This 
correaponda to actual alloy contents of upto 0*92 wt.^ each 
of Kn, Cr, and Ko and 0.28 wt.^ « C. The oxygen affinity for 
Mn and Cr ie higher than that of ii^n. It la quite probable 
that these olmaents also oxidise along with iron* The oxide 
of Cr ia vary hard which adds to the bulk hardneaa of atean 
treated HCK-containing alloya. HoweTer, in general, there 
i e one difference between hardness Tariati;)n with treatnent 
times of KCH-containing and Cu-contatning eoapacta, i . e . in 
this case hardness does not reach aaxinuB (Figa. 10 ft 11). 
This appears to be due to the fact that surface pores are 




4.6 BF?BOT OF TfRHAHY P0¥D1R COMPACTS 
Of tb« three alloying eonttituent*, i.e. Ko, SI and 
HCM, Ko iapartfl dansifioatlon, Hi alao iiaparta danslfieatlon 
but at the aaaa time bataroganaclty vhlle MOM groirth of Fa 
or Fe-P compacta (47). Coppar deoraaaea ehriakaga of all 
auch ooBpacta aa ehovn In Tabla t. 
The effect of inoreaeing copper content on weight 
gain with treatmeat tlmea of Mo and MCM-oontaiolng compacta 
la in general to Increaaa oxidation rate (Fig. 5) while that 
of £ii doea not give anjr ooncluaive reaulta. HoveTer, the 
variation of hardneaa with inereaaing coppar content of 
ternary powder coapaeta with treatmeiit timea ia in qualita* 
tive agreenent with aueh effecta on Fe, Fe-P eoapacta. Such 
a hehavioor ia aupported hy nicroatructuraa of oxide plua 




t . Air oxidation of 8int«r«d ferrous alloye gives oon 
adhsrent and iuhosogenous ozids layer. 
2. SteetB treatment of Fe-?, Pe*P^u, ?e»P«-Ho, Fe-P-MCR, 
Fe-P«£i-Cu, Fe-P-Ko-Cu and Fe>P-4$CfI-Cu sintered ooa-
pacts ean be suooesefulljr done at ISOO^C for t iaes Tarj-
ing between 30 to 75 vln, to seal the surface pores and 
iaproTe the hardness ralues by 100o200 W, 
3. la general, weight gain with increasing treatment tines 
reaches a constant Talus. However, the rariatioa of 
wei^t gain with treatnent t iaes i s parabolic in nature. 
4. Copper addition to iron or ironophosphorus compacts 
increases the thickness of oxide layer. If eight gain of 
the order of 30 to 40 x 10 g/cn i s obtained after a 
treatment times of 30-60 minutes. An increase in hard-
ness of 120 R\r i s achieved after steam oxidation for 30 
minutes. Variation of hardness with treatment time 
reaches a maximum at about 30 minutes of treatment t ines . 
Increase in hardness of sintered Fe->P-Ctt compacts 
appears to be due to combined effect of oxidation and 
age-hardening. 
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5. KolybdenuB addition to Iron or iron-pbovphoru* powder 
oompaots dtoreft8«t th« thlckneBs of oxide layer. Oain 
In weight of eintered aaaplee l e of the order of 20-30 
X 10 g/es after treatnent tinea of 60-70 niautee. 
Bardneee Inoreaeea aignifieantly and an increaae in 
hardneaa of around 120 BV le obtained after treatment 
tinea of 30 to 60 ninutee. Suc^ a large increaee in 
hardneaa also appeara to be due to combined effect of 
Bteaa treatment and age-hardening phenomena due to both 
molybdenum and phoaphorus. Bardneee reachea a maximum 
after 30 to 60 minutea of ateam oxidation time. 
6. KCH addition in Fe<»P-premixea inereaees weight gain of 
upto 50 X 10 g/cm after treatment tinea of 60 minutea. 
In caae of lover P-containing compact a the •ariation of 
hardneaa witlt eteaa oxidation time reaches a constant 
•alue after treatment times ot about 60 minutes. How-
ever, in higher P-containing compacts, hardness in 
general, inereaees with increasing steam oxidation time. 
Hardness inereass of 120 to 180 Hv Is achiewed after 
steam oxidation of upto 120 minutes in Fe-P-KCH sintered 
compacts. 
7. The effect of copper on steam oxidation behaviour and 
steaoB treated properties le in general similar to that 
in case of plain iron or iron-phosphorus sintered com-
51 
paotB. &lckel in general producfts hat^rogsaoalty in 
sintered ferroue allojrs and gives non«unifoztt oxidation. 
8. Phospborua in sintered ferrous alloys inhibits diffusion 
path for oxygen and produces reletiTely xinifora and well 
defined oxide layer. Phosphorus giTss rise to age« 
hardening phenomena in sintered iron alloys at the steaa 
oxidation treatment teaperatures used, i . e . 500^C. 
9. More systenatio work on steam treatment of sintered 
ferrous alloye i s required vith respect to effect of 
powder type, sintering atmosphere etc . 
A B S T R i k C T 
In the present inTtetigatlon, ?•-?» F«-F-Ca, Fe-?-4lo, 
P«-P-MC?K, Ftf-^-JSi-Cu, Pe-P-Ko-Cii, F*-P-MCH-Cu powder pre-
adzefi vere prepared. PhOBphorae content vae rarled fros 0 
to 0*6 vt.^ while Cu, Mo and KiCM In binary powder preaixes 
were varied froa 1 to 4 wt.^. In case of ternary powder 
preaixea, phoaphorue content was 0.45 and/or 0,6 wt.^, Bi, 
Ho or HCM was 2 and 4 or 1 and 2 wt,^ while Ou content wee 
1 and 4 wt.^. The war ions preBizea were ooapaoted at 600 
MPa preeenre and sintered at 1120^0 for 30 minutes in dry 
hydrogen ataosphere and furnace cooled. After determining 
porosity and hardness, the sintered alloys were subjected 
to ateaa oxidation at a temperature of 300^0 for 5 to 120 
minutes. Hardness at the oxidised surface was determined 
and Biorostructures were studied. 
It was obsenred tuat hardness increased with increas-
ing treatment times upto a limit after which i t remained 
constant. Vith increasing Cu, or MCK contents, oxidation 
resistance was lees while with increasing P or Ho content 
oxide thickness decreased. Nickel generally produced hetero-
genous structure and did not give any conclusiwe result . 
Copper and HCH increased the porosity and hence faci-
l i tated diffusion path for steam and oxygen while P and Ho 
due to ftrritt BtablIlBatio& rsdiueed tk« amount of later-
eoxmeeted poroaitjr aad acted as a barrier for diffasiom of 
oatyifen, 
Hardaeae in g«a«ral Inereaaed vltb laereaaing oxlda* 
tlon time reachiiig a aaxittiui at a time dependlog upon the 
alloy eyetea and then, generally deoreaaed. The reauXta 
hare been aupplesented vlth acfinning electron aioroaeopy 
and aiorohardneaa traveraee of oxidised eurfaoe. Oxidea 
v.re W.atifl«J u pr.domn.ntly con.irtln8 of ^f,,0^. 
The inoreaae in hardnees of oxidised aaaplea over 
that of aa aintered oompaota waa foosd to he due to cosbined 
effect of hai^ oxide phaae and age-hardeninf effect of Cu, 
no, ?f HCM in sintered ferroua alloya and alao probably due 
to eome other oxidee in Rdf*containing oonpacta. 
Steaa treatnent vaa found to be effective sethod of 
sealing aurfaoe porta aa veil ae blocking c^annela and inter-
connected poroaity, thereby improving hardneaa and vear 
resistance of aintered steels in presence of em&ll aaounts 
of alloying elesenta. 
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